INTRODUCTION
Since the beginning of the last decade, the generation of sequence data from DNA has become increasingly automated. This has allowed the geneticist and molecular biologist finally to come together to think about the ultimate goal: the sequencing of the full genome of an animal. This has always been a holy grail because one believed that knowing the full extent of genes for an animal would, in principle, lay bare all the parts in the toolkit required to (re)build the animal. A sceptic can argue that knowing all the genes of an animal does not necessarily build, heal or regenerate it, but such information would be, at the least, a start.
A mixture of directed and shotgun sequencing techniques are used in both academic and commercial environments and a large number of sequences for animals and plants have now been completed, are ongoing or are planned. The annotation is relying on the user's ability to use a combination of accumulated sequence data and genome/ gene structure information, all stored in worldwide web-accessible databases. The authors' prediction would be that, in fact, few surprises will arise from the continuous sequencing of new genomes -but, for correlation of gene function and phenotype (including disease), this information is invaluable.
The fly genome sequence was announced as completed in 2000. It was an effort mainly driven by commercial science, and thought of as a feasibility study for shotgun sequencing of large genomes (such as the human genome). 1 Although estimates based on genetic -that is, mutant -studies had predicted a total number of genes in the fly, these predictions were below the actual number by amounts varying from 10 to 40 per cent. Surprisingly, such predictions were about to be proved wrong in the opposite direction when the first whole human genome drafts were published. 2, 3 The human genome only contains about two and a half times more genes than that of a fly, and most of the additional genes are, in fact, duplicates of genes for which only copy is present in simple animals.
Even with the data that have been accumulating over the 40 years since the advent of cloning, gene function information is only available for a small percentage of the annotated genes. In some cases, it is possible to deduce some kind of functional information from homology to proteins or protein domains for which such information is present in databases (for other animals), but, even in these cases, this only lifts a corner of the veil covering a gene's role in a species' life and death. In fact, it is not only that one needs to deduce a gene's functionalthough this would be important information -but it also needs to be placed into the biological system. Every gene product, according to the rules of evolution, plays an essential role in a system, just as every animal plays a role in the earth's survival. Over time, such functions change, again according to evolutionary rules.
To conclude, despite the accumulated knowledge of genes in increasing numbers of animal and plant species, knowledge of the functions of these genes is often lacking or limited. Furthermore, how all these genes function together to lead to a functional, or dysfunctional in the case of a diseased, specimen is largely unknown. This paper aims to place one particular invertebrate model system in this gap and hopefully justifies its role in science aimed at closing the gap.
EGGS AND FLIES
From the start of the last century, scientists like Morgan and Bridges realised the potential of using Drosophila for genetics studies; however, it was not until the late 1980s that this animal really came under the spotlight. It was its ease of use for genetics studies that made the animal attractive. Its generation time is only two weeks, and, for genetics studies, the number of generations is important to following and locating genetic traits. The animal is very easy to maintain in the laboratory and breeds without problems. In fact, due to its ease of use and the possibility of breeding large numbers of animals, spontaneous mutations were identified and characterised in laboratories, such as the speck and white-eyed fly in Morgan's early 1900s New York (fly mutants are designated with a name that reflects their mutant phenotype, so, in this case, speck and white). It was also Morgan (along with Wilson and others) who connected the physical basis of heredity to the identified thread-like structures called chromosomes. In the Drosophila system, this eventually led to a drive to understand the basis for many traits identified over the years in laboratories and to link these to the chromosomal location.
In the late 1970s, the idea of large-scale generation of mutants was picked up by several groups across the world. The screens performed by Nüsslein-Volhard and Wieschaus (with several others) are now the best-known examples of such large-scale mutagenesis experiments. They developed the idea that it would be possible to gain an understanding of the development of the fly embryo by systematically mutating all genes across the fly genome. Each mutant would represent a gene (at least, this is what is known now) that results in an embryonic phenotype when activity is altered and/or deleted. Another group, led by Ed Lewis at the California Institute of Technology, was, in the meantime, studying several mutants that were isolated more or less at random. These showed incredible phenotypes -for instance, the fly antennae were turned into legs ( Figure  1A ). These so-called homeotic mutations showed a remarkable phenotype where the identity of one segment was given the identity of another. The name homeotic stems from the Greek word for transformation (homeosis), and was originally coined by William Bateson in 1894 as an inventory for biological variation and the power of evolution. These mutants clearly identified genetic traits that were developmental faults. The genes underlying these traits were the subjects of early efforts to find the genetic material -or what is now called 'cloning'. Those thread-like structures, or chromosomes, which were easily identified in the salivary glands of the larvae (polytene chromosomes; Figure   Mutants in model systems are useful to understand gene function Drosophila developmental mutants showed the power of genome inside mutagenesis screens 1B) were used as a source of DNA. 7 The meticulous genetic mapping by early fly geneticists made it relatively straightforward to pinpoint regions on the chromosomes. A map of the polytene chromosomes had been completely drawn. 8À11 The linking of these two maps made it possible to identify a small region on the genome and to actually physically isolate the DNA -here now was the DNA for a gene that could turn antennae into legs. Using such clones, it was easy to establish that the genes were present (ie expressed) in the embryonic tissues where the abnormalities were located in the developed soma. 12 The place and time were right for the further uncovering of the genetics of development.
It was here that the work of Nüsslein-Volhard and Wieschaus contributed so much. It had become clear through the work of the early fly geneticists that it was possible to mutate the fly genome and screen the resulting mutants for specific phenotypes; the fact that large numbers of mutants could be scored, in fact, extends such analysis to genome-wide range. A screen for mutants with embryonic lethal phenotypes, which covered the genome of the fly, was started and completed.
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At that point, 'all' zygotic genes (according to calculations based on the estimated number of genes and coverage of the genome that are required to build a fly were fixed as mutants and could be studied, cloned and sequenced. (Note that it has since been shown that some genes are very difficult to mutate while others lead to very severe phenotypes that are difficult to follow genetically.) Among the mutations isolated, one large group immediately stood out -those mutants affecting the segmentation of the larva that would emerge out of the egg were the larva alive ( Figure 2) . 18 These mutants indicated that making segments was merely a process of using building blocks and large efforts have gone into understanding the meaning of these mutants and genes. 19 Little detail will be added here, since the process of segmentation in the fly has been described in numerous papers; however, there is one very important genetic principle that aided the elucidation of the way the different genes might act together to drive a process such as segmentation. The process of embryology is, like most complex processes, driven by a continuous expanding hierarchy of gene activities. Like a nuclear reaction, it expands and becomes larger and more complex. Once the large numbers of mutants were isolated in the mutagenesis screens, the process of understanding what they meant began. Very quickly, it became clear that many of them could be grouped together on the basis of common, and sometimes identical, phenotypes. Because the mutants could be easily mapped, even if the mutant phenotypes were identical, it was clear that, when mapped to different sites, they had to be separate genes. For one of the large groups of mutants (those that disrupted the formation of the individual segments), more than a dozen mutants lead to almost identical phenotypes. Thus these segment polarity mutants were all required for one and the same process: normal formation of the segment. To understand how they all worked together to facilitate this common goal, the ease of fly genetics was important. The term 'epistasis', meaning gene order (which gene functions before the other?), should be introduced here. Simply combining different mutants will actually give you the answer to such questions. For instance, if one gene gives you mutant phenotype A and the second phenotype B, then if you see A appear when you combine the mutants then A is epistatic to B. Molecularly, this could mean that A plays a more predominant role than B -for instance, it could be the last gene in a long pathway and finalise the outcome. Such epistasis analysis has been very useful in the elucidation of the gene hierarchies in the segmentation cascade. Often, genetics proceeded molecular analysis ( Figure 2 ) and, in many cases, the genetics proved to be correct.
After 30 years of effort by an everexpanding fly scientist community, a large set of genes has now been cloned and the corresponding mutants isolated and characterised, which all together form a partial but interesting blueprint for a living, healthy fly. This feat was celebrated by the award of the Nobel Prize to Nüsslein-Volhard, Lewis and Wieschaus, the researchers who recognised the possibilities of developmental genetics in the fly, in 1995.
HEARTS AND LUNGS
Through the screens described above, as well as additional, more specific mutagenesis experiments for a large number of developmental genes in the fly, mutant alleles have now been found and characterised. This means it is now more or less understood what role a gene plays in the generation of the fly body plan. This is a simplification but, compared with any other embryological process, the function of specific genes in embryogenesis is nowhere as clear as it is in Drosophila. Coupling this information for all of these mutants with their expression patterns, sequences and now proteomic data, will eventually indicate 'how to build a fly' (see ref . 20) . What does this all mean for humans or vertebrates? As hinted at in the Introduction, the fly has only about twofold more genes than humans and, in fact, many of the 50 per cent extra are duplicates of the first set. This is what is now known because of the genomic sequencing efforts, but, back in the 1980s, this was a surprise: for almost every single gene that was isolated as a developmental mutant in the fly, a homologue or homologues existed in higher animals. For some of these, mutant analysis has now also taken place in mice (as well as through efforts of several groups, including Nüsslein-Volhard, in zebrafish). 21 This has, in some cases, clearly confirmed an important role in The patched mutant is different from a normal embryo and this is especially clear at abdominal segment 6 (arrowheads). It was found that, when the Hedgehog protein was expressed throughout the embryo, its cuticle would develop in an almost identical fashion to a patched mutant. 16 This result strongly links these two genes and it is now known that they are signal (Hedgehog) and receptor (Patched). The hedgehog mutant embryo loses all naked cuticle; another mutant looks identical to this phenotype. Indeed, smoothened is now known to be absolutely essential for all Hedgehog signalling.
17 Even when Hedgehog is provided everywhere, in absence of smoothened, this has no effect -see (F) vertebrate development. For other genes, the role is less clear but it is possible that, in these cases, functional redundancy obscures obvious phenotypes. Functional redundancy is not easy to establish; in mice, double (or multiple) knockouts need to be generated, but, in many cases, different genetic mouse backgrounds lead to different phenotypes, even if one and the same gene is affected. 22, 23 If anything, the fly has thus been very useful by acting as a source for a large number of evolutionary conserved, developmentally important genes.
The question remains, though, if the function of any of these genes, as known in flies, is relevant to the understanding of vertebrate biology and disease, whether we need to establish a new genetic system for each isolated gene to characterise its function. Some examples will be given where it has been clear that the function of the gene as characterised in flies could almost directly be extrapolated to higher animals. A word of caution here, because it is not always the case that a gene which, for instance, is required to set up a cell differentiation pathway does so in equivalent cells in all animals. Development and maintenance of a healthy living system across evolution is subject to both divergent and convergent trends. Nevertheless, there are very clear examples where the function of a gene seems directly related.
Possibly the most famous and visually exciting example is the Pax6 gene. This gene belongs to a gene family on the basis of the presence of at least one of two protein domains. 24 Homologues of this gene family were quickly cloned from vertebrates using the fly gene as bait. 25 Independently of this work, the analysis of a mouse mutant, called Small eye (Sey), which suffers from loss of eyes, identified one of the family members, Pax6, as the causative gene in the Sey mutant. 26 The mouse mutant had been thought to be a good model for a human abnormalitycongenital aniridia (lack of iris) -and it was subsequently shown that loss of Pax6 in humans leads to this abnormality. 27 The mutant in the fly gene, not surprisingly, also leads to the loss of eyes, 28 but, to everyone's astonishment, ectopic activity of the human Pax6 gene in the frog and fly led to the formation of eyes on tissues where normally no eyes were present. 29, 30 The Pax6 gene encodes a transcription factor, and several other such gene-activating or -repressing factors have now been identified which form a functional unit of genes that is required for the proper development of a visual system in virtually all animals studied. 31 Such gene cassettes, that seem to function together leading to the formation of a particular organ or tissue, have now been recognised at several sites in animal development, across widely diverged species like the fly and higher vertebrates. The development of the heart, for instance, requires the grouping of transcription factors together with proteins that perform signalling roles. 32 Moreover, in the development of any branched structures, like the lungs, a particular set of such signalling factors is required to lead correctly the developing tissue along architectural lines to form branches. 33 The authors have worked on a gene cassette encoding a group of secreted factors that, in the fly, are required to generate the adult legs and wings. Although the original mutants for the genes encoding these factors and their downstream signalling pathways were isolated mostly through analysis of the mutants that give embryonic phenotypes (derived from the original Wieschaus and Nüsslein-Volhard mutagenesis screens). [34] [35] [36] It was in the development of these adult external structures that a relationship with higher animal development seemed to become apparent (indeed, highlighting that functional gene cassettes are, at will of evolution, used at different places and times). Analysis of groups of mutant cells indicated that three signalling molecules set up a source of activity overlapping the ultimate distal structure (ie the tip of the wing or leg). Emanating from this source, these activities generate patterns according to Gene function often conserved from Drosophila up to human their strength of activity and, as such, lead to the formation of a three-dimensional structure. A way of looking at this is that the source is at the top of a mountain and the structure is formed by three colours of water coming down from the top, each from its own defined sector at the tip. Each area of the alpine meadows will take on a different colour depending on the mixture of the three different colours of descending water, as well as the time/ distance it is away from the source. Three signals are all that would be needed to generate all identities and structures from such a tripartite source, according to mathematical equations. 37 It was quickly determined that a similar (although expanded) set of signalling molecules is required to drive the proper establishment of the vertebrate limb and, furthermore, the specific areas where the signals reside is the same in both higher animals and flies. 38 An experiment to determine if signals could be exchanged showed that a vertebrate signal works equally well to disturb the flow of information in flies (Figure 3) as does a fly gene; however, these findings do pose some evolutionary problems since it is thought that the ancestor, common to flies and vertebrates, did not possess legs or wings. 39 Nevertheless, the knowledge already accumulated in flies has helped to create a much clearer picture of limb patterning in humans and, eventually, this should lead to applicable science.
FLIES AND ROBOTS
The contribution flies have made to the discovery and functional analysis of genes through the availability of mutants has been discussed, but the technical abilities that flies offer to studies of gene function have steadily improved, possibly making the fly the most technically advanced model system available at this point in time.
For instance, it was indicated above that the role of the signalling factors that lead to patterning of the extremities of the fly had to be elucidated by passing their earlier (lethal) effects in the embryo. Indeed, for many of the mutants originally identified in the large mutagenesis screens, it has become clear that the genes are required for proper development and maintenance of the animal function, at many times and places. Perhaps this is not surprising when one takes into account the low number of genes identified in the human genome annotation. Fewer genes than previously thought are needed to generate the system's complexity; this would require re-employment of gene function. To investigate the function of an earlier required gene in later stages of the animal's life, one needs to generate mutant cells at a specific time. This type of clonal mutant analysis is very well established in flies. 40, 41 It simply works through forcing recombination of homologous chromosomes when paired during the normal mitosis (or meiosis) processes. Such recombination occurs normally at high frequency during meiosis, but the trick here is to induce it at predetermined sites in the genome. In the fly, this is accomplished by using a yeast-derived recombinase enzyme together with fly strains that have recognition sites for this enzyme located at the beginning of each chromosome arm close to the heterochromatin. During mitosis in the animal, the enzyme is expressed and all cells undergoing mitosis will exchange the arms marked with the recognition sites. This will lead to two daughter cells, one of which is a homozygous mutant for the gene of interest and one of which is a homozygous mutant for the other chromosome. In flies, this second As in other model systems, transgenic animals are a necessity in functional genetic research and, through the use of transposable elements, fly transgenics has been a relatively easy technology to use for several decades. 43 Transgenic lines can be used to introduce genomic sequences to replace or introduce extra copies of a gene, or they can contain just coding sequences for a gene, which can be expressed using an exogenous promoter. In the latter case, a widely used system consists of yeast transcription factor-binding sequences cloned in front of the sequence of interest and flies transgenic for such a construct are made. Another fly is transgenic for the driver -the transcription factor -which has either been inserted into a (random) gene, thereby borrowing its regulatory elements, or has been created (with, for instance, a heat inducible promoter) to be expressed at specific sites or events. Mating the two lines generates progeny in which the gene of interest is expressed in the sites where the transcription factor is present. 44 This system is very versatile due to the large numbers of driver transgenics now available. It also bypasses any lethality caused by the expression of the transgene, because new crosses can be set up at will, thereby generating large numbers of progeny available for study. The experiment described above, where a vertebrate gene is expressed in the developing wings, was performed in this manner. In fact, the possibilities are endless.
Perhaps one technique that is not well established in flies is the generation of mutants where one has identified a gene of interest. Such reverse genetics technology has been available in mice for a while 45 and has been incredibly useful and essential in characterising gene function in vertebrates. Recently, a technique has been described for such analysis in flies, 46 adding this technique to the arsenal already available to fly geneticists; however, there are now also several large programmes for generating mutants in every single gene in the fly, which would supersede gene targeting unless one wanted to make specific alleles. It could be argued that, even in the latter case, the long-recognised technique of random mutagenesis would still be useful. Once a single mutant allele for a gene is available, through the sheer numbers of flies that can be studied, isolating additional alleles for a gene is possible just by mutating at random and using the established allele to screen for new mutations. The added advantage is that it would let nature do the job of finding interesting new alleles.
Of course, all techniques used in modern biology are available in flies. Localisation of proteins and messenger RNAs in tissues and cells is easy and works very well. Live imaging using GFP (transgenic technology is often necessary here) is rapidly becoming fashionable fodder in fly publications. Transcriptome and proteome technologies are commercially available for flies. Hopefully, the accumulation of data will increase knowledge of fly biology, eventually creating an overview of gene expression and protein presence and activity across all stages of fly life as well as in thousands of mutants. Again, the computer power required to even attempt to integrate all such data is enormous. The fly community has been technically up to date but also, through the keeping of thousands of genetic lines, has always been greatly helped by stock centres, large genetic screen centres and genomic and proteomic set-ups. All such information and materials are freely available to all, as they should be.
FLIES AND DEATH
Hopefully, the reader might by now be convinced that the fly is, and will be, a Drosophila as a system offers a large array of techniques to study gene function useful system to use in the analysis of basic principles in biology that are often directly applicable to the biology of higher animals, such as humans. Yet, research is, especially in this day and age, driven (ie financed) by medical questions. It is not difficult to imagine that many disease states are directly related to basic biological problems, but this does not necessarily help to explain why mutations in specific disease genes in human lead to disease. Again, by now not surprisingly, about 80 per cent of known human disease genes can be found back in the fly genome. The authors would like to end this paper with an example of their work on a human disease gene, because it provides a good example of how the fly can be useful in ways other than as a tool for finding and characterising 'new' genes.
The authors have been working on the fly homologue of the gene causing one of most common causes of child death, spinal muscular atrophy. 47 The gene mutated in most cases of this autosomal recessive disease is the survival motor neurone gene (SMN) . 48 This gene is highly conserved down to worms, and is present in one copy in the fly. 49 As a first attempt to understand the function of the gene in flies, various transgenic lines were generated. 50 Through analysis of mutants available in the aforementioned stock centres, it was possible to isolate and characterise a fly mutant. 51 Interestingly, the fly smn mutants display a motor phenotype which has been linked to a defect at the neuromuscular junction (NMJ), the synapse between the motor neurone and the muscle (Figure 4) . This model can now be exploited in many different ways. First, it allows the study of the biology of the normal SMN protein and already it has been learned that it seems to be involved in generating particular ribonucleoprotein (RNP) particles, as was previously shown. 52 Secondly, several genetic ways (ie mutants or transgenics) of disrupting the function of the NMJ are available and this, in the way they influence phenotype, could possibly indicate what the primary defect is at the NMJ. Thirdly, the powerful genetics of the fly will allow a mutagenesis screen for mutants that will either directly enhance or suppress the neuromuscular defects. Isolated mutants that do alter the phenotype will identify new genes that are potential drug targets for therapy in patients. Fourthly, there are, through the sheer numbers of mutant animals that can be generated, possibilities to screen drug compounds on a large scale, within this whole-animal biological system. The latter point is important. Drug screening in animals is expensive and time consuming; in flies, it would be quick, cheap andimportantly, due to all accumulated knowledge on this animal -not only able to assess how the drug works on the disease but also on the animal as a whole. Indeed, these facts have now been recognised by many researchers, and models of several diseases have now been created in the fly: Parkinson's, 53 Alzheimer/tauopathy, 54 polyglutamine disease, 55 ataxias 56 and Huntington's 31 -and the list continues to grow.
Drosophila is now used as a system to study human disease genes To conclude, the role that the tiny fly will play in the coming decades of functional genetic research is something very much to look forward to.
